To clarify the physical picture of adsorbate ionization, the ligand core-hole spectra of a NiCO cluster used as a model of the CO/Ni͑100͒ chemisorption system were obtained by large scale ab initio configuration interaction calculations. The computed C1s and O1s spectra are consistent with the experimental finding for the CO/Ni͑100͒c(2ϫ2) system. The results support the picture that the screening mechanism of the core hole on the ligand atoms is dominantly metal-ligand →* charge transfer. ͓S0163-1829͑96͒08140-4͔
A different way of approaching the problem of core-hole screening in adsorbates is to use cluster models in the calculations. The feasibility of the cluster approach for studying core-hole spectra of adsorbates has been justified in many cases. It is based on the assumption that core-level XPS probe the local properties of the system under investigation. The local character of the excitations in the core-hole spectra of metal/CO adsorbtion systems has been indeed demonstrated by comparison with the spectra of carbonyl complexes. 6 The linear NiCO cluster is thought to be a rather good minimal model for the chemisorption system of interest here: carbon monoxide on Ni͑100͒ surfaces. [7] [8] [9] [10] The limitations of this model have not been fully clarified, but the experimental evidence of a local character of the excitations forming the spectra suggests that the essential physics of core-hole screening in the system considered is contained in this simple model. In the literature one can find many ab initio calculations done on the core-hole states of the NiCO. [8] [9] [10] [11] 16, 17 The Hartree-Fock ͑HF͒ ⌬SCF ͑Ref. 11͒ and generalized valence bond configuration interaction 10 calculations showed the metal d→ ligand * CT to be the main physical process responsible for the core-hole screening in NiCO. According to the calculations on both the C1s and O1s XPS, the main line and the most prominent satellite at 5.5 eV are the CTS and Koopmans's states, respectively. A different interpretation of the spectra was given in Ref. 9 using the diagonal Tamm-Dancoff two-particle-hole approximation: the most intense line is the Koopmans's state, whereas the satellite is the →* CT shake-up state.
Recent high-resolution experimental XPS data for the CO/Ni system 1 have revealed, in addition to the known satellite at 5.5 eV, other satellites at 2.1, 9.5, and 33.0 eV in the C1s spectrum and at 8.5, 15.0, 26.0, 36.0, 45.0, and 55.0 eV in the O1s spectrum, which were neither detected experimentally nor predicted by any of the calculations before. An interpretation of the satellite structures has been given by the authors of Ref. 1 by using the ideas of the Zϩ1 approximation. According to this interpretation, the main line in the spectra is a CTS state and the satellites around 5.5 eV are related to excitations of the 2* orbital to the CO 3 p and other CO Rydberg states in the presence of the CO core hole.
The results of previous calculations on the XPS are seen to depend strongly on the computational method used. The reason is that the previous treatments did not include a great part of many-body effects accompanying ionization. The necessity of using more sophisticated methods to study corehole screening in adsorbates, incorporating a large fraction of electron correlation, is evident. 21 has been proposed for description of the core hole screening in adsorbates.
According to this mechanism, the metal-ligand →* CT actually takes place upon ionization, but the depletion of d population due to the →* CT makes it possible for an additional d electron to be supplied by the sϪd hybridization and promotion. Thus, the authors of this mechanism consider the local metal sϪd population change in the metal-ligand system, associated with metal →* excitations, as the origin of many-body effects in the XPS of adsorbates. The interpretation of the spectral features emerged from these CI calculations significantly differs from that of all the previous models: the satellite at 5.5 eV is the local metal →* shake-up state and the main line is close to the Koopmans's state.
The dimension of the configuration space used in these calculations was significantly reduced ͑to 8000͒ by allowing a maximum occupancy of one outside of a restricted virtual orbital space comprising the lowest unoccupied two * and two * orbitals. The active occupied set was restricted to two , two , and one ␦ orbitals. Core ionized SCF relaxed orbitals were used in these calculations.
Before introducing our approach let us briefly discuss general aspects of using relaxed versus unrelaxed ͑i.e., GS͒ orbitals in the calculation. Using a relaxed orbital basis has the advantage that the static relaxation is a priori incorporated into the calculation. On the other hand, this can lead to a loss of flexibility of the computation to properly converge if strong final-state correlation effects are present. In this case very high excitations must be considered in the CI calculation to restore the balance between relaxation and correlation and to achieve convergence ͑see, e.g., Ref. 22͒. Using the relaxed basis for many-body calculations also makes the calculation of spectral intensities difficult, because different basis sets for the ground and ionic states are used.
What is important in the present context is, in particular, that use of the unrelaxed orbital basis in the CI affords an immediate interpretation of the nature of the core-hole screening mechanism. This mechanism is described by the change in the wave function upon ionization and one can straightforwardly read it off the CI wave function of the ionized states, since the ground state of NiCO, although not the lowest Hartree-Fock state, is well described by the HF determinant. On the other hand, a large and unknown fraction of wave-function change is hidden in the basis set when the CI calculation on the core-hole states is carried out in the relaxed orbital basis. The authors of Refs. 16-21 used relaxed ionic orbitals which makes it difficult to arrive at a clear picture of core hole screening. The hidden fraction of wavefunction change is substantial and is lost for the disclosure of the underlying mechanism. We assume that this is why the authors of Refs. 16-21 obtained such an unusual picture of core-hole screening in adsorbates.
The importance of high-order valence excitations in the presence of a core hole, particularly double excitations, demonstrated in Refs. 16 and 17, prompted us to perform verylarge-scale CI calculations, without substantial limitations on the size of the CI space and using the unrelaxed orbital basis set to make the calculations and the interpretation of the results more transparent. The calculations were performed using the Gamess-UK program package. 23 The configuration space for our multireference direct CI ͑MRDCI͒ calculations was constructed in the following way: the space of reference configurations was generated by allowing all single and double excitations within a restricted set of active orbitals comprising the upper occupied orbitals ͑four , two , and one ␦) and the lowest unoccupied orbitals ͑two * and two *). This resulted in 1141 reference configurations. The final CI space ͑about 2 500 000 configurations͒ was generated by allowing all single and double excitations of the reference configurations into all virtual orbitals. The core orbitals ͑Ni: 1s -3p; O1s; C1s) and their virtual counterparts were kept frozen in the calculations. The calculations performed are at the limit of our computational facilities mainly due to the time consuming search for the eigenvalues of the core ionized states. Nevertheless, we have succeeded in repeating the calculations of the C1s spectrum adding one more * orbital to the reference space. No substantial changes have been found.
The intensities of the spectral lines were estimated as the squared coefficient of the main single hole configuration in the respective ionic CI states. Use of this approximation is justified by the fact that the coefficient of the main 1 ⌺ ϩ single determinant state in the many electron GS wave function resulted from the single reference singles plus doubles CI calculation is of 0.94, whereas other configurations contribute to the GS with the coefficients less than 0.03. The set of HF orbitals for the CI calculations was obtained from the SCF calculation of the 1 ⌺ ϩ closed shell state of linear NiCO cluster (R NiϪC ϭ3.5 a.u., R CϪO ϭ2.179 a.u.͒.The contracted Gaussian basis set of Roos 24 for Ni, extended by two diffuse p functions 25 and scaled by a factor of 1.5 was used. Furthermore, one diffuse d function 26 was added to the basis set. The carbon and oxygen basis sets used are based on Dunning's contraction 27 of Huzinaga's primitive set 28 plus polarization d functions. 29 On the whole, the basis set used in the present calculations is of ''double-'' quality.
The results of our large-scale MRDCI calculations on the C1s and O1s XPS of the NiCO cluster are listed in Table I together with the literature CI results 16, 17 and experimental XPS data. 1 For convenience we present here only the relevant ⌺ ϩ states. According to our calculations the state corresponding to the most intense line in both the C1s and O 1s spectra is a strong mixture of the single-hole state ͑C 1s Ϫ1 and O1s Ϫ1 , respectively͒ and →* CT configurations, with small admixtures of the local metal →* shake-up configurations. The contribution of the single-hole configuration to the main line state is about 50% for both the spectra. The relative intensities of the main line in both spectra are 0.48 and differ considerably from the experimental estimates ͑0.29 for the C1s XPS and 0.36 for the O1s XPS͒. We relate this discrepancy to the limitations of the cluster model used: CTS in the real chemisorption system should be larger than that of the cluster, resulting in a more intense screening of the core hole, which reduces the intensity. The first computed satellites appear in the spectra at 2.77 eV ͑C 1s XPS͒ and at 2.53 eV ͑O1s XPS͒ and are nearly pure →* CTS excitations. The position of the satellite in the C1s XPS concides rather well with that of the experimental spectrum where it appears at 2.1 eV. The low intensity obtained for the satellites is also consistent with the experimental finding. The satellite in the O1s spectrum is very weak and cannot be detected, explaining why there is no peak in the experimental O1s spectrum corresponding to the first satellite in the experimental C1s spectrum. The second satellite in each spectrum ͑at 7.64 eV in the C1s XPS and at 7.41 eV in the O1s XPS͒ is intense and mainly a →* CTS state. The positions of these satellites differ by ϳ 2 eV from the intense satellites observed experimentally at 5.5 eV in both spectra. Although the experimentalists do not report estimates of the relative intensities of these satellites, the calculated intensities are consistent with the experimental data. Our calculations also reproduce the experimentally observed smaller intensity of the 5.5 eV satellite in the O1s spectrum relative to that in the C1s spectrum. The local metal →* shake-up satellites having small intensities are predicted to be at 10.21 eV and 9.14 eV in the C1s and O 1s XPS, respectively. These satellites are identified as the satellites at 9.5 eV and 8.5 eV in the corresponding experimental spectra.
A general feature of our results is that →* excitations play a dominant role in the C1s and O1s XPS of NiCO. One can see that our CI calculations describe rather well the main features of the experimental spectra. The results rule out the interpretation of the low-energy satellites given by the authors of the experiment in, 1,2 who attribute the satellites to excitations of the CO 2* orbital to the CO 3 p and other CO Rydberg states in the presence of the CO core hole. Also, our 2.5-million CI results strongly contradict the very restricted CI results of Refs. 16 and 17. Apart from the basic interpretation problem discussed above, the different physical picture emerging from our calculations also originates from the limited space of double excitations used in the previous calculations. Indeed, we found that restricting the configuration space in our calculations enhances the strength of the →* excitations. Furthermore, according to the results reported in Refs. 16 and 17, one could expect another intense feature around 10 eV in the C1s and around 9 eV in the O 1s spectrum, exhibiting a total intensity comparable to that of the intense structure observed at 5.5 eV. The experimental spectra do not show such features ͑see Table I͒ .
The commonly accepted picture of chemical bonding in 3d metal carbonyls 30 assumes two interconnected channels of bonding: a channel responsible for donation of an electron from a ligand to a metal and forming metal sϪd, sϩd hybrids, and a channel responsible for backdonation from the metal to the ligand (→* CT͒. A perturbation of one channel immediately causes a response of the other channel. The perturbation caused by ionizing the system leads to a mixing of excitations in the final states. In- deed, it is seen that the →* and →* excitations are mixed in most of the C1s and O1s ionic states of the NiCO. Furthermore, the CT from the metal to ligand, which can be viewed as the creation of an effective hole on the metal, can lead to a dehybridization of the occupied sϪd and unoccupied sϩd hybrids. As a result of such dehybridization, the hybrid acquires a more spatially compact d character, whereas the * becomes a more diffuse s-type level. Thus one can expect the balance between the contributions of the →* and →* in the final ionic states to depend on the strength of the →* backdonation in the GS. In the case of C1s ionization, the →* CT is very strong and, consequently, the dehybridization of the and * states is strong as well, and one finds only a small admixture of the →* excitations to the low-lying ionic states. In the case of O1s ionization, the →* CT is slightly weaker than in the C1s spectrum, mainly because of the fact that the 2* orbital is mostly localized on the C atom. Here, one can expect an increase of the →* admixture to the final states. From Table I it is seen that this is really the case: the intensity of the local →* satellite at 9.14 eV in the O 1s XPS increases relative to the satellite at 9.5 eV in the C 1s spectrum and the contributions of the →* excitation to the ionic states are larger in the case of O1s ionization.
To summarize, the results of the present large-scale MRDCI calculations on the C1s and O1s XPS of a NiCO cluster support the physical picture that core-hole screening in molecule/transition-metal chemisorption systems is dominated by the metal-adsorbate →* CT mechanism. Metal →* transitions can be non-negligible, but our calculations make clear that they do not dominate, at least in strong chemisorption situations. Despite all credible arguments concerning the locality of screening effects, the use of larger clusters with more Ni atoms would be highly desirable. Highly accurate computations on such systems are, however, beyond present possibilities. 
